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Introduction {#sec001}
============

The microbiota is the community of microorganisms (bacteria, viruses, parasites, fungi) that live in a specific environment. In humans, the microbiota composition varies according to the body site (skin, oral cavity, vagina, gut, or nostril) \[[@pone.0185569.ref001]--[@pone.0185569.ref002]\]. The human gut microbiota is the most important and is constituted by 10^12^ to 10^14^ microorganisms \[[@pone.0185569.ref003]\] that represent from 2 to 10 times the number of cells in the whole human body. It is now acknowledged that the gut microbiota plays a role in the digestive, metabolic, immune and neurological functions \[[@pone.0185569.ref004]--[@pone.0185569.ref005]\]. Consequently, understanding dysbiosis is an important step in the study of some diseases, particularly chronic inflammatory bowel disease \[[@pone.0185569.ref006]--[@pone.0185569.ref007]\] and autoimmune diseases \[[@pone.0185569.ref008]\].

Throughout life and particularly at the time of and in the first weeks and months after birth, the gut microbiome (i.e., the microbiota genes and genomes) continues to change. It has been reported that the first founding populations of the digestive tract microbiota are influenced by the delivery mode \[[@pone.0185569.ref009], [@pone.0185569.ref010]\]. Indeed, the gut of infants born by natural delivery is seeded by the mother's vaginal and fecal bacteria \[[@pone.0185569.ref011]--[@pone.0185569.ref012]\], with a predominance of *Bifidobacterium* and *Lactobacillus*. Conversely, the gut of newborns delivered by Cesarean section (C-section) is seeded by environmental bacteria that are not necessarily specific to the intestinal microflora \[[@pone.0185569.ref013]--[@pone.0185569.ref014]\]. Then, the gut microbiome changes during the first year of life until it reaches the composition characteristic of adulthood \[[@pone.0185569.ref012]\].

Despite the growing number of publications on \"gut microbiota\" found in the National Center for Biotechnology Information \[[@pone.0185569.ref015]\] (from 380 items in 2010 to 3,193 in 2016), few studies have been conducted in unindustrialized countries and among populations with traditional lifestyle. To date, three studies focused on the gut microbiome of South American populations \[[@pone.0185569.ref016]--[@pone.0185569.ref018]\] and four on Asian populations \[[@pone.0185569.ref019]--[@pone.0185569.ref022]\]. The African continent is also underrepresented in metagenomic studies \[[@pone.0185569.ref016], [@pone.0185569.ref023]--[@pone.0185569.ref026]\]. These studies focused on the difference in microbial diversity in populations with contrasting subsistence modes: hunter-gatherers with traditional subsistence practices \[[@pone.0185569.ref017]--[@pone.0185569.ref018], [@pone.0185569.ref024]--[@pone.0185569.ref026]\] and rural agriculturalists with more western-like subsistence practices \[[@pone.0185569.ref016], [@pone.0185569.ref018], [@pone.0185569.ref020]--[@pone.0185569.ref023], [@pone.0185569.ref025]--[@pone.0185569.ref026]\].

The question concerning the first bacterial contact of the digestive tract (*i*.*e*. the first element of seeding) is crucial and remains unclear \[[@pone.0185569.ref027]--[@pone.0185569.ref028]\]. Indeed, despite the broadly agreed consensus that the gestational environment and the fetus are sterile until delivery \[[@pone.0185569.ref029]\], many studies showed the presence of bacterial DNA in the amniotic fluid \[[@pone.0185569.ref030]--[@pone.0185569.ref031]\], umbilical cord \[[@pone.0185569.ref032]\] and placenta \[[@pone.0185569.ref031], [@pone.0185569.ref033]\]. The presence of bacteria in these compartments could explain the transmission of bacteria from mother to fetus and why the meconium, which is composed of material ingested during gestation (intestinal and epithelial cells, lanugo, mucus, amniotic fluid, bile and water), is not germ-free \[[@pone.0185569.ref009], [@pone.0185569.ref034]\]. Moreover, human enteric viruses are frequently detected in infants' stool samples \[[@pone.0185569.ref035]\]. Although infections by enteric viruses mainly result in minor or no symptoms in healthy children, they can cause diarrhea \[[@pone.0185569.ref036]--[@pone.0185569.ref037]\]. Infectious diarrhea is responsible of the death of many children, especially young infants living in developing countries, due to poor hygiene, unsanitary water, contaminated food, or inadequate disposal of waste and feces \[[@pone.0185569.ref038]--[@pone.0185569.ref039]\].

Therefore, it is important to analyze the different steps involved in the infant gut bacterial/virus seeding and to monitor the changes of the gut microbiota community in the early days of life. To this aim, we collected fecal samples of newborns in two non-industrialized countries, Gabon and Republic of the Congo, during the first month of life to assess their bacterial/viral diversity, as an indication of the gut microbiota profile. We then used these data to try to answer several questions: a) What is the seeding source of the bacteria/viruses present in newborn gut? b) Is the meconium bacterial richness different compared with that of the subsequent fecal samples? c) What are the routes taken by bacteria to colonize the gut during the first month of life? Are there differences in richness and organization of bacteria associations? d) What are the effects of the delivery mode (natural *vs*. C-section) and feeding methods (breastfeeding *vs*. formula feeding) on the bacterial/viral communities? e) Which enteric viruses are present early in life? f) Are the structure and composition of the analyzed microbiomes different between Gabon and Republic of the Congo?

Materials and methods {#sec002}
=====================

Origin of samples {#sec003}
-----------------

### Subjects' recruitment {#sec004}

The study population included newborns and their mothers who were recruited in the university hospital of Angondjé, Gabon, and the university hospital of Brazzaville, Republic of the Congo. Patients and the medical personnel of the relevant neonatal services were recruited in the study according to the concept of free and voluntary participation and the consent form was signed by a parent/legal guardian and by the health staff. The study was approved by the Gabon National Ethics Committee for Research (internal reference: PROT N°0049/2016/SG/CNE).

### Stool sample collection {#sec005}

Stool samples ([Table 1](#pone.0185569.t001){ref-type="table"}) from nine Congolese newborns (C1 to C8, including the twins C5.1 and C5.2) and from six Gabonese newborns (G1 to G6) were collected from July to September 2014 and in June-July 2014, respectively. For each newborn, four consecutive fecal samples were collected: meconium, day 2 (D02), day 7 (D07), and day 28 (D28). In addition, one fecal sample was collected from each mother (M1 to M14) after delivery.

10.1371/journal.pone.0185569.t001

###### Information on the children included in the study.

![](pone.0185569.t001){#pone.0185569.t001g}

  Newborn   Country   Delivery mode   Gestational age (weeks of amenorrhea)   Feeding   Sex   Birth weight
  --------- --------- --------------- --------------------------------------- --------- ----- --------------
  C1        RC        vaginal         normal term (37--41.5 wa)               Breast    M     3600 g
  C2        RC        vaginal         postterm (\> 41.5 wa)                   Breast    M     3200 g
  C3        RC        vaginal         normal term (37--41.5 wa)               Breast    F     2800 g
  C4        RC        C-section       preterm (\< 37 wa)                      Formula   F     2700 g
  C5-1      RC        C-section       preterm (\< 37 wa)                      Breast    M     2300 g
  C5-2      RC        C-section       preterm (\< 37 wa)                      Breast    M     2100 g
  C6        RC        C-section       postterm (\> 41.5 wa)                   Breast    M     3300 g
  C7        RC        C-section       normal term (37--41.5 wa)               Breast    M     3650 g
  C8        RC        vaginal         normal term (37--41.5 wa)               Breast    F     2750 g
  G1        Gabon     vaginal         postterm (\> 41.5 wa)                   Mixed     M     3525 g
  G2        Gabon     vaginal         normal term (37--41.5 wa)               Breast    M     3680 g
  G3        Gabon     C-section       normal term (37--41.5 wa)               Formula   M     3485 g
  G4        Gabon     C-section       normal term (37--41.5 wa)               Formula   M     4405 g
  G5        Gabon     C-section       normal term (37--41.5 wa)               Mixed     M     3505 g
  G6        Gabon     vaginal         normal term (37--41.5 wa)               Mixed     M     3395 g

RC = Republic of the Congo; wa = weeks of amenorrhea; breast = breastfeeding; mixed = breastfeeding + formula feeding; formula = bottle milk; C-section = Cesarean section; M = male; F = female. The mean birth weight of the children included in the study was higher than 2,100g.

Each stool sample was collected non-invasively in a sterile 50 mL tube and stored in RNAlater® (Sigma) at 4°C just after collection and then -20°C until DNA/RNA extraction.

Bacterial community data acquisition {#sec006}
------------------------------------

### DNA extraction {#sec007}

Total genomic DNA was isolated from 500 μL of filtered stool sample using the QIAamp Fast DNA Stool mini kit (QIAGEN) and following the manufacturer's instructions. DNA samples were eluted in 200 μL of ATE buffer (QIAGEN) and stored at -20°C. Extraction controls (500 μL of sterile water) were processed in parallel to monitor for contamination.

### PCR amplification of the V3 region of 16S {#sec008}

The V3 region of the 16S rRNA gene was amplified using the broad range bacterial-specific primers Probio-Uni and Probio-Rev \[[@pone.0185569.ref040]\]. These primers amplify a fragment of 181 bp that includes more than 94% of the bacterial 16S rRNA coding sequence \[[@pone.0185569.ref040]\]. Primers included a 10-mer barcode and adaptor sequences needed for the Ion Torrent PGM sequencing technology. PCR amplification was performed as described previously \[[@pone.0185569.ref040]\] with Q5® DNA Polymerase (New England Biolabs) on an Eppendorf thermal cycler with the following cycling program: 5min of denaturation at 98°C, followed by 25 cycles of 30sec at 98°C, 15sec at 50°C, 15sec at 72°C, with a final extension at 72°C for 10min. To avoid amplification bias as much as possible, each sample was amplified in four separate 20 μL mixtures that were pooled at the end of the amplification. The amplicon quality was checked with the High Sensitivity DNA kit (Agilent Technology) on a 2100 Bioanalyzer instrument (Agilent Technology).

### Ion torrent PGM 16S metagenomic sequencing {#sec009}

For DNA library construction, PCR products were purified twice by magnetic separation using Agencourt AMPure XP DNA purification beads (Beckman Coulter Genomics). Then, the elimination of free primers and the library yields were verified by electrophoresis on a 2100 Bioanalyzer Agilent apparatus (Agilent Technology). All amplicons were quantified and pooled to equalize their concentrations for emulsion PCR with the Ion One Touch 400 Template Kit v2 (Life Technologies) following the manufacturer's instructions. After loading on Ion 318™ chips (n = 48 library/chip), the barcoded amplicon libraries were sequenced using the Ion PGM™ Hi-Q™ Sequencing kit.

To validate the protocol reliability and repeatability, fecal samples were amplified and sequenced three times separately (i.e. triplicates for each sample). In this study, *fecal samples* define the collected material, whereas *genetic samples* the sequencing results. Thus, for each fecal sample, there were three genetic samples, with few exceptions. Infant C3 had only two genetic samples of meconium; infant G4 had two genetic samples for the D7 fecal sample, and infants G2 and G6 had four genetic samples for meconium. In all, there were 74 fecal samples (60 for the infant group and 14 for the mother group) and 222 genetic samples. The data acquisition process is summarized in [Fig 1](#pone.0185569.g001){ref-type="fig"}.

![Study location and data acquisition process.\
OTU: (Operational Taxonomic Unit). African map (source: CIA World Data Bank II; <http://www.evl.uic.edu/pape/data/WDB/>).](pone.0185569.g001){#pone.0185569.g001}

To monitor reagent contamination by bacterial DNA \[[@pone.0185569.ref041]\], four negative controls (500μl sterile water instead of DNA) were processed for each DNA extraction and they were sequenced at the same time as the samples.

Bacterial metagenomic analysis {#sec010}
------------------------------

The standard flowgram format (sff) files (raw data) for each sample of each chip were downloaded from the Torrent Server and processed using Mothur v1.35.1 \[[@pone.0185569.ref042]\]. The standard operating procedure (SOP) for 454 pyrosequencing \[[@pone.0185569.ref043]\] was adapted to the Ion Torrent technology. Briefly, sequences were extracted from the sff files and converted into fasta format. Then, they were filtered to keep only sequences with a) homopolymers of 8 bases maximum, b) a mean rolling quality window ≥30bp, c) a quality window size of 50 bases, d) no more than one mismatch in the primers and e) no more than one mismatch in the barcode. All the.fasta and.qual files were concatenated in one single file that was used for: a) sequence alignment using Silva SSU Reference alignment v102 \[[@pone.0185569.ref044]\]; b) removal of sequencing errors and chimeric sequences with the Uchime program \[[@pone.0185569.ref045]\]; c) sequence assignment using the method described by Wang *et al*. \[[@pone.0185569.ref046]\] and a bootstrap value of 80; d) sequence clustering in Operational Taxonomic Units (OTUs) with 97% sequence homology; e) filtering and removal of OTUs represented by a single sequence; and f) the consensus taxonomic classification of each OTU (up to the genus).

To assess the repeatability of the genetic data acquisition process, each mother/child pair was studied separately (four fecal samples from the infant and one from the mother and thus, 15 genetic samples in total with triplicates). For each of the 15 genetic samples an OTU frequency profile was computed. Pairwise Chi-squared distances between OTU frequency profiles were computed and a single-linkage clustering algorithm was used to build a tree. The repeatability was considered correct for a given fecal sample when its three genetic samples formed a separate cluster.

Bacteria data analysis {#sec011}
----------------------

As most OTUs were attributed to a bacterial genus, genera were used to study ecological questions, and the more discriminating OTU classification to study the possible mother to newborn transmission.

### Mother/child relationship {#sec012}

To study the relationship between the child and mother fecal microbiota, for each pair of samples the number of shared OTUs was computed, and permutation tests were performed to determine whether the child\'s samples shared more OTUs with the mother\'s sample than with any another randomly selected woman in the mothers' group. The average number *d*~0~ of shared OTUs between child and mother was computed. Then, mothers were randomly attributed to children and the average number of shared OTUs was computed. This process was repeated 10,000 times, to produce a sequence *d*~1~,...,*d*~10000~. The test P-value was taken as the proportion of *d*~i~ above the observed value *d*~0~. Infant samples at different time points were studied separately.

### Bacterial diversity changes {#sec013}

To study the establishment of the gut bacterial community, bacterial genera were considered. The Shannon diversity index and the generic richness were computed and plotted against the sampling time.

### Bacterial microbiota and individual characteristics {#sec014}

To study the influence of country, delivery mode and feeding method on the bacterial microbiota, bacterial genera were investigated using linear mixed models with a random term corresponding to the child. As several bacterial genera were present only in one or two children, thus making the fitting of a linear model impossible or meaningless, rare genera were discarded and the analysis focused on bacterial genera with a read frequency higher than 5% in at least one child. The Benjamini-Hochberg correction \[[@pone.0185569.ref047]\] was used to control the false discovery rate. All computations were performed with the R software \[[@pone.0185569.ref048]\] and specifically the lme4 package \[[@pone.0185569.ref049]\].

Viral data acquisition {#sec015}
----------------------

### Nucleic acid extraction {#sec016}

Fecal samples were centrifuged at 1,500 rpm for 5 min to remove the RNAlater® solution and were resuspended in phosphate buffered saline. Supernatants were either stored at --80°C or used immediately for DNA and RNA extraction with the QIAamp DNA Mini Kit (Qiagen) and QIAamp Viral RNA Mini Kit (Qiagen), respectively.

### Virus detection and genotyping {#sec017}

To determine the extent of viral infections occurring early in life, the presence of six RNA virus groups (Astrovirus, Norovirus I and II, Sapovirus, Enterovirus and group A Rotavirus) and one DNA virus group (Adenovirus) was assessed by multiplex real-time PCR or reverse transcription (RT)-PCR, using previously published specific primers, probes and conditions \[[@pone.0185569.ref050]--[@pone.0185569.ref053]\]. All PCR amplifications were performed in a 7500 Real Time PCR System (Applied Biosystems), with one positive control and three negative controls, kindly provided by the French National Reference Center for Gastroenteritis Viruses (Dijon, France).

In the case of positive results, genotyping was performed as described elsewhere \[[@pone.0185569.ref054]--[@pone.0185569.ref059]\] using the controls described above. Positive PCR products were sequenced. Raw sequences were edited and manually corrected with Geneious R7. Neighbor-joining trees and genetic distances were calculated using the MEGA7 software with the Tamara 3-parameter G/Gamma distributed with invariant sites.

Virus statistical analysis {#sec018}
--------------------------

A logistic regression model was employed to study the association between infection by a given virus and country, delivery mode and feeding method. To study the association between viral and bacterial presence in the samples, mixed linear models were fitted with the logarithm-transformed frequencies for each bacterial genus as response and the presence/absence of a virus as explaining variable. In all cases, a random effect was added to take into account the grouping of samples from the same child.

Results {#sec019}
=======

Bacteria {#sec020}
--------

### Bioinformatics results {#sec021}

The 222 genetic samples produced 7,773 OTUs. OTUs described by a single read were discarded because they were not representative of a community. Finally, 4,125 OTUs and 7,279,444 reads were retained.

The four negative controls, which were handled (from DNA extraction to OTU attribution) as and concomitantly with the samples, contained 30,228 reads (0.4% of the total). For each OTU in the dataset, the maximum number of reads in any negative control was determined and the dataset was trimmed using this threshold. For example, as OTU19 yielded 5,937 reads in one of the negative controls, 5,937 reads were subtracted from all sample counts for this OTU (possibly leading to the complete removal of the OTU in some samples).

When one of the three genetic samples for each fecal sample did not form a cluster with the other two, the sample was discarded. Supporting Information [S1 Fig](#pone.0185569.s002){ref-type="supplementary-material"} exemplifies this procedure.

In only 10 (meconium of children C1, C2, C3, C4, C5.1 and G3; D02 sample of children C2, G3; D07 sample of child G3 and D28 sample of child C2) of the 74 fecal samples, the relevant genetic samples did not form a separate cluster. This indicates that the process repeatability was correct for 86% (64/74) of fecal samples. Then, the genetic samples pertaining to the same fecal sample were pooled to produce the final dataset. Overall, the excluded genetic samples had an average of 18,606 reads, compared with 32,949 reads for the retained samples.

From now on, *sample* designates the pooled genetic data corresponding to a single fecal sample. Thus, the final dataset contained 74 genetic samples from 15 children. These samples included 6,985,225 reads and 3,968 OTUs.

### Genus attribution {#sec022}

Among the 3,968 OTUs, 70% (2,775) were attributed to 416 bacterial genera. Conversely, 30% (1,193 OTUs) could not be attributed to a genus because they did not match any sequence in the reference database, or they matched a group with uncertain taxonomical status. The 2,775 OTUs with known genus represented 92% of all reads (n = 6,439,348).

### Does the meconium contain bacteria? {#sec023}

[Table 2](#pone.0185569.t002){ref-type="table"} shows that meconium samples contain numbers of reads and OTU comparable to those in the other infant samples. Specifically, 296 of the 416 identified bacterial genera were present in meconium samples, and the most frequent genera were: *Prevotella* (20%), *Enterococcus* (11%), *Streptococcus* (9%), *Acinetobacter* (8%), and *Bradyrhizobium* (8%). Moreover, 87 bacterial genera were present only in meconium samples, particularly *Amphibacillus* (4,602 reads), *Herbaspirillum* (414 reads), *Ornithinicoccus* (256 reads), *Segetibacter* (260 reads) and *Jeotgalicoccus* (211 reads). These last genera are typical environmental bacteria (soil, plants, lakes, marine mud) and were not present in the negative controls.

10.1371/journal.pone.0185569.t002

###### Averages and ranges of the reads numbers and OTU numbers for mothers, meconium, D02, D07 and D28.

![](pone.0185569.t002){#pone.0185569.t002g}

  Fecal sample   Reads number average   Reads number range   OTU number average   OTU number range
  -------------- ---------------------- -------------------- -------------------- ------------------
  mothers        144,056                34,446--490,413      573                  60--1,352
  meconium       66,039                 5,127--257,420       154                  42--295
  D02            59,797                 11,106--133,672      114                  34--334
  D07            66,443                 31,613--156,080      84                   46--171
  D28            138,950                21,309--322,634      109                  37--196

OTU: Operational Taxonomic Unit.

### Are the child and mother's bacterial microbiota similar? {#sec024}

Permutation tests showed that at all sampling time points, the bacterial composition of a child sample was more similar to the mother's sample than to the sample of any other woman in the mothers' group. The child-mother similarity tended to increase during the first month of life. Indeed, the meconium sample shared on average 12% more OTUs and the D28 sample 21% more OTUs with the mother's sample than with that of any other woman (50.6 *vs*. 45 and 58.7 *vs*. 48.7 shared OTUs, respectively). [Table 3](#pone.0185569.t003){ref-type="table"} summarizes these results.

10.1371/journal.pone.0185569.t003

###### Results of the permutation tests.

Average numbers of shared OTUs between the newborn samples and the sample of the mother or of the other women included in the mothers' group.

![](pone.0185569.t003){#pone.0185569.t003g}

  Fecal sample   Mean number of OTUs shared with mother   Mean number of OTUs shared with other women   P-value
  -------------- ---------------------------------------- --------------------------------------------- ---------
  meconium       50.6                                     45.0                                          0.030
  D02            54.8                                     48.7                                          0.0043
  D07            44.1                                     37.9                                          0.0001
  D28            58.7                                     48.7                                          \<1E-7

### How does the fecal bacterial community change during the first month of life? {#sec025}

The distribution of the individual generic richness ([Fig 2A](#pone.0185569.g002){ref-type="fig"}) and Shannon index ([Fig 2B](#pone.0185569.g002){ref-type="fig"}) showed that the bacterial microbiota diversity was much larger in the mothers than in the children at any time point during the first month of life. The child bacterial richness values were more similar to those of the mother for the meconium samples, despite their high variability, but they rapidly decreased from D02. In agreement, when samples from a given time point were pooled to calculate the generic richness, 263 different genera were found in the mothers' samples, 296 in meconium, 194 in D02, 132 in D07 and 174 in D28 samples.

![Diversity index changes.\
Diversity index changes during the first month of life and between mothers and infants. a: Generic richness. b: Shannon diversity index.](pone.0185569.g002){#pone.0185569.g002}

To further investigate this question, the bacterial genera were classified as aerobic or facultative anaerobic (Ae), strictly aerobic (SAe) and strictly anaerobic (SAna) and the proportion of each group was determined in individual samples at the different time points ([Fig 3](#pone.0185569.g003){ref-type="fig"}). The bacterial community of all mothers' samples was essentially composed of strictly anaerobic bacteria. Although in all children, strictly anaerobic bacteria were prevalent at D28, the establishment of this flora composition showed some temporal variations (from D02 in some children to D28 in others).

![Relative abundances of aerobic or facultative anaerobic (Ae, red), strictly aerobic (SAe, yellow) and strictly anaerobic (SAna, green) bacteria in all samples.\
Grey areas represent the relative abundances of OTUs not attributed to a genus or attributed to a genus whose respiratory mode is unknown.](pone.0185569.g003){#pone.0185569.g003}

### Is the fecal bacterial composition influenced by the country, delivery mode and feeding method? {#sec026}

In terms of diversity (Shannon index) and generic richness, there were no significant differences according to either country, delivery mode or feeding method.

In a genus by genus approach, no significant difference was found between these Central African countries with different public health policies and also between feeding methods. Conversely, the delivery mode influenced the sample composition. After eliminating the rare bacterial genera (less than 5% in all samples), among the remaining 37 genera, *Bacteroides* (P-value = 0.0023) and *Collinsella* (P-value = 0.0042) were significantly more abundant in samples of children born by vaginal delivery, and *Klebsiella*, (P-value = 0.0011) and *Sarcina* (P-value = 0.0028) in samples of children born by C-section at all different time points ([Fig 4](#pone.0185569.g004){ref-type="fig"}). Similarly, when bacteria were classified in aerobic and anaerobic, the relative abundance of strictly anaerobic bacteria was strongly associated with the delivery mode (P-value = 0.023) ([Fig 5](#pone.0185569.g005){ref-type="fig"}).

![Relative abundance of four bacterial genera in the infants' samples according to the sampling day and delivery mode (Cesarean sections versus vaginal delivery).\
a: *Sarcina* b: *Bacteroidetes* c: *Klebsiella* d: *Collinsella*.](pone.0185569.g004){#pone.0185569.g004}

![Relative abundance of strictly anaerobic bacteria in the infants' samples according to the sampling day and delivery mode (Cesarean sections versus vaginal delivery).](pone.0185569.g005){#pone.0185569.g005}

Enteric viruses {#sec027}
---------------

At least one enteric virus was detected in two of the six infants from Gabon (33.3%) and in four of the nine infants from Republic of the Congo (44.4%). All the viruses detected in the infants' samples were never found in the respective mother's sample.

Viruses were never detected in the meconium samples. Rotavirus A was detected in one child (G1 D02) (16.7%) and in one mother (M3) from Gabon and in four children (44.4%) from Republic of the Congo. The virus was detected in two consecutive samples in three of the four children from Republic of the Congo (D02 and D07 for C5.2, C6; D07 and D28 for C7) and in only one sample (D28) for C4 ([S1 Table](#pone.0185569.s001){ref-type="supplementary-material"}). Adenovirus was detected in one child (16.7%) from Gabon (G3 at D02 and D07) and in two children (22.2%) from Republic of the Congo (C4 at D07 and D28; C6 at D02 and D07) ([S1 Table](#pone.0185569.s001){ref-type="supplementary-material"}). Enterovirus was found in one child (G4) (16.7%) from Gabon and five children (C1, C2, C3, C7 and C8) (55.6%) from Republic of the Congo. Norovirus 1 and 2 and astrovirus were never detected by real time PCR.

Among the rotavirus-positive samples, one sample was successfully genotyped (C4 at D28 in [S1 Table](#pone.0185569.s001){ref-type="supplementary-material"}) and clustered with the Rotavirus A strain G1 ([S2 Fig](#pone.0185569.s003){ref-type="supplementary-material"}). Moreover, the sequences of four adenovirus-positive specimens (G3 at D02 and D07; C4 at D28; C6 at D02) were also determined and they all clustered with the human adenovirus (HAdV) type F serotype 41 strain ([S2 Fig](#pone.0185569.s003){ref-type="supplementary-material"}). No mutation of HAdv-41 sequence was found in the only child (G3) where two HAdv-positive samples (D02 and D07) were genotyped. After sequencing, enteroviruses present in samples were characterized as polioviruses.

Virus detection was not significantly different between countries, birth modes and feeding methods. No significant association was found between the abundance of bacterial genera and the presence of viruses.

Discussion {#sec028}
==========

Bacterial diversity of meconium {#sec029}
-------------------------------

Our study shows that bacterial diversity is high in the meconium, but then rapidly decreases at D02 and stays low up to D28. This suggests that bacterial colonization starts before birth, challenging the traditional dogma of uterine sterility \[[@pone.0185569.ref033]\]. By comparing the bacterial diversity of meconium and adult fecal samples, Hu *et al*. \[[@pone.0185569.ref060]\] found a lower bacterial diversity in the meconium; however, their study concerned mothers with diabetes that could have influenced the maternal gut microbiota composition. Interestingly, the most abundant genus in meconium is *Prevotella* that is associated with plant-rich diets (high intake of complex carbohydrates and fruits and vegetables). De Filippo *et al*. \[[@pone.0185569.ref023]\] found that compared with European children, the fecal microbiota of 1-6-year-old children from a rural village of Burkina Faso was significant enriched in Bacteroidetes and poor in Firmicutes. Moreover, bacteria from the *Prevotella* genus were particularly abundant in the African samples, whereas they were absent in the European samples. Similarly, Gomez *et al*. \[[@pone.0185569.ref026]\] reported that *Prevotella* genus bacteria were abundant in samples from adult BaAka hunter-gatherers from Central African Republic, while undetectable in US Americans. Ardisson *et al*. \[[@pone.0185569.ref061]\] also did not find *Prevotella* genus bacteria in meconium samples from 52 US infants. Conversely, Nagpal *et al*. \[[@pone.0185569.ref062]\], who studied 151 healthy full-term Japanese infants, noted the presence of *Prevotella* in only 1.5% of meconium from vaginally born infants, but never from those delivered by C-section. Therefore, this is the first time that the presence of *Prevotella* is reported in such a high proportion in meconium, which suggests that Prevotella is probably in the vaginal commensal flora. The presence of environmental bacteria in meconium could be caused by a possible contamination at the time of sample collection.

Maternal impact on the bacterial colonization process {#sec030}
-----------------------------------------------------

Our study shows that each infant's bacterial microbiota is significantly closer to that of the mother than to that of any other woman in the mothers' group, suggesting that the mother is actively involved in the initial seeding of her child's gut bacterial microbiota. This is in agreement with studies on *in utero* transmission of the first bacterial populations. Jimenez *et al*. \[[@pone.0185569.ref034]\] demonstrated in an experimental murine model the transmission of labeled strains from the digestive tract of a pregnant female to its offspring meconium. Based on this previous finding and on their result that the dominant bacterial genera in the meconium are different from those found in the fecal, skin or vaginal environments of pregnant women, Gosalbes *et al*. \[[@pone.0185569.ref063]\] suggested that the meconium bacterial microbiota has an intrauterine origin. Placenta \[[@pone.0185569.ref033]\] and amniotic fluid \[[@pone.0185569.ref031]\] could be other sources of the meconium bacterial microbiota. Therefore, the meconium microbial composition could reflect the *in utero* environment where microbes are transmitted from the mother to the fetus when swallowing amniotic fluid. This could also explain the larger diversity observed in the meconium bacterial microbiota composition, because the bacteria present *in utero* can be quite different between mothers.

The bacterial microbiota richness of the fecal samples (D02 to D28) is lower than that of the mothers' samples. This could be explained by age-related physiological differences, but also by the diet diversity, because infants are essentially fed milk (i.e., maternal or formula).

Effect of the delivery mode on bacterial communities {#sec031}
----------------------------------------------------

Our findings indicate that the *Bacteroides* and *Collinsella* genera are more abundant in the fecal bacterial microbiota of children born naturally, while the *Sarcina* and *Klebsiella* genera are predominant in children born by C--section. Species of the genus *Klebsiella* are present worldwide, but particularly in tropical and subtropical regions. *Klebsiella* species show high colonization rates in newborns \[[@pone.0185569.ref064]\] and this genus is considered to be endemic in hospital where nosocomial infections are frequent. Moreover, several *Bacteroides* species are involved in the metabolism of human milk \[[@pone.0185569.ref065]\]. Therefore, *Bacteroides* depletion in infants born by C-section could lead to problems in milk digestion. This issue could be more acute in countries with limited resources for public health care.

Azad *et al*. \[[@pone.0185569.ref066]\] and Penders *et al*. \[[@pone.0185569.ref067]\] showed the underrepresentation of *Bacteroides* in cesarean-section delivered children. Along the same lines, a recent review by Rutayisire *et al*. \[[@pone.0185569.ref068]\] showed that the delivery mode affects the diversity and colonization pattern of the gut bacterial microbiota during the first three months of life. Other studie \[[@pone.0185569.ref069]\] did not find any effect of the delivery mode on the gut bacterial microbiota and suggested that the composition of the early infant gut bacterial microbiota is only associated with the maternal diet during the last three months of pregnancy.

Establishment of the anaerobic bacterial flora {#sec032}
----------------------------------------------

In D28 samples, the gut flora was composed almost exclusively of strictly anaerobic bacteria. In these samples, the *Bifidobacterium* genus represented 74.5% (1,367,569/1,835,716) of all reads of strictly anaerobic bacteria. *Bifidobacterium* bacteria from the mother facilitate the assimilation of breast milk by the child, but also the use oligosaccharides present in breast milk as prebiotic \[[@pone.0185569.ref070]\]. These sugars are quantitatively one of the main constituents of breast milk and are partially digested in the small intestine before reaching the colon where they stimulate the development and growth of bifidogenic flora \[[@pone.0185569.ref070]\]. This specific flora has the main effect of initiating the education of the newborn\'s immune system \[[@pone.0185569.ref010]\].

In a large US population-based cohort of infants, it was shown that during the first six weeks of life the neonatal bacterial microbiota is significantly reorganized with the appearance of the communities present in the adult \[[@pone.0185569.ref071]\]. In our study, we observed that the proportion of strictly anaerobic bacteria increased rapidly and represented the majority of the microbial community at D28. We did not find significant differences in microbial richness and organization between Gabon and Republic of the Congo. This could indicate that the same changes in the routes of colonization and bacterial composition occur in infants during their first days of life (e.g., a possible "evolutionary homeostasis" process for the gut bacterial microbiota colonization). This was underlined by a previous study proposing that the gross reorganization of the infant bacterial microbiota within the first weeks of life could be generalized across populations \[[@pone.0185569.ref069]\].

Fecal viral shedding {#sec033}
--------------------

In this study, we used classical approaches to detect the most common and widespread human enteric viruses (Adenovirus, Sapovirus, Rotavirus, Norovirus, Astrovirus, and Enterovirus) because they allow detecting in infant and adult feces the main viral communities \[[@pone.0185569.ref072]\]. The presence of enteric viruses in stool samples in healthy infants has been reported during early childhood (\>3 months) \[[@pone.0185569.ref073]\]. Here, for the first time, the availability of longitudinally collected fecal samples from Gabon and Republic of the Congo allowed the temporal analysis of fecal viral shedding during the first month of life. No enteric virus was found in the meconium, consistent with the literature \[[@pone.0185569.ref035]\]. Rotavirus, enterovirus and adenovirus were the first viruses detected from D02. Poliovirus presence in the feces is explained by OPV administration. Gabonese children receive the first dose of the trivalent Oral Poliovirus Vaccine (OPV), which contains the three serotypes, at birth or the next day, as prescribed by the expanded immunization program of Gabon. Similarly, the first dose of the bivalent OPV, which contains serotypes 1 and 3, is administered approximately three days after birth in Brazzaville. This may explain the presence of the three poliovirus serotypes in some samples between D02 and D28, as previously reported by Kanungo *et al*. \[[@pone.0185569.ref074]\] in vaccinated Indian infants. Conversely, the initial source of the other viruses in the infant human gut is unknown, although inoculation from nosocomial, dietary and environmental sources is possible. The maternal source can be excluded because none of the viruses detected at D02 or D07 in newborns was found in the respective mother. Only one mother (M3) was infected by rotavirus, but the virus was never detected in her infant.

Besides poliovirus, rotavirus was the most commonly detected virus from D02 in newborns (33.3%; 5/15). Due to the small number of virus detected in the study, its prevalence was not significantly different between Republic of the Congo and Gabon. However, rotavirus was found mainly in children from Republic of the Congo (44.4% \[4/9\] *vs*. 20.0% \[1/5\] from Gabon). Only one rotavirus was genotyped, possibly due to the low viral load, as suggested by the cycle of quantification values higher than 35 for most of the samples screened by real time RT-PCR. All fecal samples from Republic of Congo were collected during the dry season (from June to September) when the rotavirus genotype G1 circulates in the country \[[@pone.0185569.ref075]\]. Moreover, the virus was found in two consecutive samples in three infants and in one single sample in one child, consistent with the infection short duration \[[@pone.0185569.ref076]--[@pone.0185569.ref077]\].

HAdv-41 was the second most frequently detected virus (20% \[3/15\]). Although HAdv-41 is one the main agents of viral diarrhea, especially in children \[[@pone.0185569.ref078]--[@pone.0185569.ref080]\], it is also common in asymptomatic individuals, especially in young children \[[@pone.0185569.ref078], [@pone.0185569.ref081]\]. Like for rotavirus, no significant prevalence difference was found between Republic of the Congo and Gabon.

Conclusions {#sec034}
===========

We focused on the bacterial/viral colonization of the human gut in infants from two Sub-Saharan countries, Gabon and the Republic of the Congo. The originality of this study is that fecal samples were collected at different time points during the first month of life and meconium and mothers' fecal samples were also included. Our results confirm the greater diversity and richness of gut bacterial microbiota in populations from African countries (Malawi \[[@pone.0185569.ref016]\], Tanzania \[[@pone.0185569.ref024]\], Cameroon \[[@pone.0185569.ref025]\], Central African Republic \[[@pone.0185569.ref026]\]) compared with people from Western countries.

To our knowledge this is the first study focusing on the changes in fecal bacterial/viral diversity and organization in early life (i.e., first four weeks after birth) in two African countries. Indeed, previous works concerned older children \[[@pone.0185569.ref016], [@pone.0185569.ref023]--[@pone.0185569.ref026]\] and compared African rural communities and industrialized communities from Europe and North America. These studies revealed specific gut bacterial microbiota adaptations to the respective lifestyles. Here, we found that overall, by four weeks of age, the infants' bacterial microbiota communities display a similar diversification and expansion in two neighboring African countries.

Supporting information {#sec035}
======================

###### Enteric virus detection.

PCR and RT-PCR results in fecal samples of 15 infants and their mothers from Gabon and Republic of the Congo. Yellow: positive RT-PCR results, Brown: positives RT-PCR and PCR results. Gray: negative results.

(TIF)

###### 

Click here for additional data file.

###### Two examples of trees to illustrate the quality assessment method and exclusion of less reliable data.

**a**) Clustering of the genetic samples of child C8 (meconium, D02, Do7 and D28). At all sampling time points, all three genetic samples corresponding to the same fecal sample were in the same cluster. **b**) Clustering of the genetic samples of child C1 (meconium, D02, Do7 and D28). One of the three meconium genetic samples did not cluster with the other two meconium genetic samples. This genetic sample was discarded.

Mec = meconium; Mom = mother; D02, D07, D28 = day 2, 7, 28; 1, 2, 3 = same genetic sample in triplicate.

(TIF)

###### 

Click here for additional data file.

###### 

**Rotavirus (a) and adenovirus (b) phylogenetic trees.** Only bootstrap values ≥60 are shown (500 replicates). Sequences from this work are shown in red and reference sequences are described by their accession numbers and country of origin.

(TIF)

###### 

Click here for additional data file.
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